For decades, the determination of the mean density of matter has been tied to observations of the distribution of light. This has led to a "bias," perhaps as large as a factor of 2, in determining a key cosmological parameter, Ω M . Recent measurements of the physical properties of clusters, CMB anisotropy and the power spectrum of mass inhomogeneity have ushered in a new era where the mass density can be measured without "visual bias." The early data lead to a consistent picture of the matter and baryon densities, from which I infer: Ω B = 0.039 ± 0.0075 and Ω M = 0.33 ± 0.035. Over the next few years knowledge of Ω M will improve significantly, enabling many "secondary uses," from determining the equation-of-state of the dark energy to probing star-formation history.
Introduction
The mean mass density of the Universe is a fundamental cosmological parameter of great importance. It can be expressed as a fraction of the critical density, Ω M ≡ ρ M /ρ crit (ρ crit = 3H 2 0 /8πG = 1.88h 2 × 10 −29 g cm −3 ), or in physical units (g cm −3 . Moving between the two requires knowledge of the Hubble constant:
(1)
where as usual, H 0 = 100h km sec −1 Mpc −1 . Much of cosmology over the past thirty years has been concerned with determining the mean matter density. The task is daunting: the density of matter in a large enough sample of the Universe to be representative must be determined (see e.g., Faber & Gallagher, 1979; Dekel et al, 1997; Turner, 2000; Primack, 2001) . Until recently, the most well developed techniques were tied in to the distribution of light; e.g., mass-to-light ratios and peculiar velocities (see e.g., Bahcall et al, 1995; Carlberg et al, 1997; Dekel, 1994; Willick & Strauss, 1998) .
The mass-to-ratio technique begins from a simple equation that relates the mean luminosity density to the mean mass density:
(using the measured B-band luminosity density, this equation can be written as the familiar: Ω M = M/L B /1200h). The task then is transformed to measuring the mean mass-to-light ratio and the luminosity density. The latter is not simple, and there are important issues such as luminosity evolution, but the former is where the greatest difficulties lie. The accuracy of the inferred mean matter density is no better than that of the mean mass-to-light ratio. Attention has been largely focused on clusters, because of their size and relatively well determined masses. However, only a few percent of galaxies are found in clusters, and the cluster environment is a high density one (10 2 − 10 3 times the mean density). The mass density inferred from the CNOC sample of clusters is: Ω M = 0.19 ± 0.04 (Carlberg et al, 1997) ; Bahcall et al (2000) find a similar value, Ω M = 0.16 ± 0.05, based upon a comparison of cluster data with N-body simulations.
The use of field galaxies, which are more representative, is problematic because the galaxy halos are so large and the mass-to-light ratio increases with scale (see Bahcall et al, 1995) until the end of the halo is reached . However, the advent of weak-gravitational lensing to determine galaxy masses may soon surmount this hurdle (Fischer et al, 2000) . For the moment, the values for Ω M inferred from clusters (quoted above) represent the state of this art in mass-to-light ratios.
Peculiar velocities and bulk flows are directly tied to the underlying mass distribution; comparison of peculiar velocities and the mass inhomogeneity (δρ/ρ) thus determine the mean density (see e.g., Dekel 1994) . However, it is the distribution of galaxies -not mass -that can be measured (in redshift surveys), and this technique determines the quantity Ω A physically based technique was proposed by White et al (1993) . The idea is simple: use galaxy clusters as a fair sample of the Universe to determine the universal baryonto-total mass ratio (Ω B /Ω M ), and then, using our knowledge of the baryon density from big-bang nucleosynthesis (BBN), infer the mean matter density. This method is not without important issues: Can one find all the cluster baryons? Can the ratio be determined on large enough scales to ensure that baryon settling is not an issue? White et al (1993) and others (e.g., Mohr et al, 1998) have argued that the answer to these questions is probably yes, and several recent recent reviews of the mean matter density have given significant weight to this technique (see e.g., Dekel et al, 1997; Turner, 2000; and Primack, 2001 ).
Today, the cluster inventory technique is on even firmer ground, and more importantly, other physical measurements have been added to the mix. As I will describe, the physically based methods have become mature enough to reliably pin down the mass density with a standard error bar. The value I derive from the current data is:
2 The Input Data: Physical Measurements
The following physical measurements comprise my input data for determining the baryon and total matter densities:
Power Spectrum :
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The shape of the power spectrum of matter inhomogeneity depends upon Ω M h and Ω B /Ω M (as well as other parameters). Currently, the best determination of these two matter parameters come from an analysis of 160,000 redshifts in Two-degree Field Galaxy Redshift Survey (2dFGRS; Percival et al, 2001 ). The baryon-to-total matter ratio is determined from the presence of "baryon bumps" in the power spectrum; just a two-sigma result at the moment, it should improve when 2dF amass and analyze their full sample of 250,000 redshifts. Further, the Sloan Digital Sky Survey (SDSS) will soon publish values for these parameters based upon the first 2% of their data; when the SDSS sample is complete, it consist of a million redshifts and 100 million galaxy positions. Significant improvement in both Ω M h and Ω B /Ω M can be expected. (There are correlations between the determination of Ω M h and Ω B /Ω M , but they can be neglected.)
The structure of the acoustic peaks in the CMB anisotropy spectrum determines the total matter density and the baryon density (in physical units): the ratio of the odd to even peaks pins down the baryon density and the height of the first peak is very sensitive to the total matter density (see e.g., Hu et al, 1997) . Here adopt the values extracted from the first year of the DASI CMB interferometer (Pryke et al, 2001 ). (The correlations between the two densities are very small.) A re-analysis of the 1998 flight of Boomerang yields similar values (Netterfield et al, 2001 ). With the array of upcoming CMB anisotropy measurements, including two dedicated satellite missions, NASA's MAP and ESA's Planck, the precision of these mass determinations can be expected to improve significantly.
At present, the most precise determination of the physical baryon density comes from combining measurements of the primeval abundance of deuterium (see e. The baryon-to-matter ratio in clusters can be determined by x-ray measurements and by measurements of the Sunyaev -Zel'dovich (SZ) distortion of the CMB. As noted earlier, in using this to obtain the universal baryon-to-matter ratio there are two key assumptions: 1) that clusters, averaged over a large enough scale, provide a fair sample of matter in the Universe; and 2) that cluster baryons exist either as hot, x-ray emitting gas or in bright stars (i.e., are not hidden in dark stars). For x-ray measurements alone, we adopt the cluster baryon fraction determined from a sample of 45 clusters by Mohr et al (1998) , and for the SZ determination we use the cluster sample of Grego et al (2001) .
Finally, the value of the Hubble constant is important in converting physical densities to fractions of critical density; we adopt the value determined by the Hubble Key Project: h = 0.72 ± 0.07 (Freedman et al, 2001) and note that at this point, the error is almost entirely due to systematic uncertainty. The statistical error is only σ h = ±0.02. The largest part of the systematic error is in the distance to the Large Magellanic Cloud, which plays a key role in the distance ladder. These three, independent determinations of the baryon density are clearly consistent, giving one confidence in the case for a low baryon density (ρ B ≈ 4 × 10 −31 g cm −3 ). They also involve from very different physics -nuclear reactions when the Universe was seconds old, gravity-driven acoustic oscillations when the Universe was around 400,000 yrs old, and the inhomogeneity in the distribution of matter in the Universe today -thus providing an important test the consistency of the big-bang framework and general relativity.
Next, consider the ratio of the total matter density to the baryon density:
Power Spectrum = 9.0 ± 1.4 Clusters (SZ) + H 0 = 8.7 ± 1.6
Clusters (x − ray) + H 0 Again, all four measurements are clearly consistent and involve different physics -gravity driven acoustic oscillations, inhomogeneity in the distribution of matter today, and cluster dynamics. I believe the consistency seen in the baryon density and matter-to-baryon ratio justify a more aggressive analysis. Using standard techniques (and flat priors) I have constructed 
While the one-dimensional probability distributions are not perfectly Gaussian, the 68% and 95% credible ranges match pretty well with these 1σ error flags. The two-dimensional probability distribution for Ω M and Ω B and the one-dimensional probability distribution for Ω M are shown in Figs. 1 and 2 .
The value for the baryon fraction is largely, but not entirely, driven by the BBN determination of Ω B h 2 and the Hubble constant; those two alone imply Ω B = 0.385 ± 0.0077. Likewise, the Hubble constant is largely, but not entirely, driven by its direct determination. While direct knowledge of the Hubble constant is important in determining the baryon and total matter fractions of critical density, the different scalings of the baryon-to-matter ratios with Hubble constant also provide important leverage. This can be seen in two ways; first, the joint determination of h has a slightly smaller uncertainty than the direct measurement alone, ±0.06 vs. ±0.07. Second, if one arbitrarily doubles the uncertainty in the Hubble constant, h = 0.72 ± 0.14 and carries out the same analysis, the results -central values and error flags -do not change dramatically:
Since the dominant error in the Hubble constant is systematic, one might worry about the effect of a systematic shift in h. Moving the central value to 0.65 or 0.79 (and keeping σ h = ±0.07) shifts the inferred central value of Ω M by about 0.02 (less than one sigma) and changes the uncertainty by a negligible amount. The effect on Ω B is more dramatic, as it is more dependent upon h: Ω B shifts by ±0.006, lower for larger h and vice versa. On the other hand, if the systematic uncertainty in H 0 were resolved and the error were completely statistical, σ h = ±0.02, the uncertainty in Ω B drops by about a factor of 2 and that in Ω M by about 30%.
Concluding remarks
Based upon present measurements of physical quantities not tied to the distribution of light in the Universe I conclude that: Ω M = 0.33 ± 0.035 and Ω B = 0.039 ± 0.0075, consistent with some recent estimates (Dekel et al, 1997; Turner, 2000; and Primack, 2001 ). The precision in these determinations will improve over the next decade. With Planck and MAP the uncertainty in both Ω M h 2 and Ω B h 2 is likely to drop to the percent level (see e.g., Eisenstein et al, 1999) ; the improvement in cluster and power spectrum derived quantities is likely to improve by at least a factor of two. Improvement in the Hubble constant is more difficult to predict. As a simple example, I have reduced the uncertainty in Ω M h 2 and Ω B h 2 to 2%, in Ω M h to 5%, in Ω B /Ω M to 20%, and in the cluster baryon fractions and Hubble constant by a factor of two. The projected uncertainties for Ω M and Ω B drop to ±0.015 and ±0.002 respectively.
With its present precision, the matter density already has interesting implications. First, combining it with the CMB determination of the total mass/energy density, Ω 0 = 1 ± 0.05 (Hanany et al, 2000; Netterfield et al, 2001; Pryke et al, 2001 ), makes a very strong case for an additional component to the Universe (referred to as dark energy) that is smoothly distributed with Ω X = 0.67 ± 0.06. This evidence for the dark energy bolsters significantly the direct evidence for dark energy from supernovae (Perlmutter et al, 1999; Riess et al, 1998) .
Second, this physics-based value for the matter density is about a factor of 2 larger than that determined from the mass-to-light ratios of clusters, Ω M = 0.19 ± 0.04 (Carlberg et al, 1997) and 0.16 ± 0.05 (Bahcall et al, 2000) . At face value it suggests that baryons in the cluster environment produce twice as much light as in the field environment. Going a step further, this implies the fraction of baryons that become stars is about a factor of two larger. The SDSS will determine mass-to-light ratio for a stacked sample of millions of field galaxies in five color bands using weak lensing and will test this hypothesis. Some are optimistic that the SDSS will realize the full potential of the mass-to-light ratio technique to determine the mean mass density (Mc Kay, 2001 ) by finally pinning down the average mass-to-light ratio.
Finally, in probing the nature of the dark energy, independent knowledge of the matter density is crucial to breaking the degeneracy between the equation-of-state of the dark energy (w X ≡ p X /ρ X ) and Ω M (see e.g., Maor et al, 2000; Weller & Albrecht, 2001; Huterer & Turner, 2000) . The value deduced here is essentially independent of the nature of the dark energy (assuming a flat Universe), and the current one-sigma uncertainty would already help significantly to break the degeneracy in future determinations of w X .
